A traveling-zone sintering method prototype machine was designed and built to fabricate high-density homogeneous long rods from powder materials. A thin zirconia rod was fabricated using this prototype machine with the aim of verifying its performance. Electric power was successfully transmitted to the cylindrical mold by inserting a graphite sheet between the electrodes and the mold, even during the movement of the heating zone, allowing the sintering temperature to be controlled precisely to the desired value at any position. The distribution of density in the produced zirconia rod was examined. The relative density near both ends indicated over 99%, while that around the central section remained at 95%. The problem seemed to be caused by the insufficient load transferring to the central section due to the friction between the material and the mold. A modified zone sintering process, in which the applied load was compensated for each sintering section taking into account the frictional loss, was able to improve the density in the central section and successfully produced a zirconia rod with dimensions of 8 Â 51 mm. The above result suggests that our traveling-zone sintering machine has good potential to produce homogeneously densified thin zirconia rods with an aspect ratio of more than 6.
Introduction
There is growing recognition of the need to protect the global environment, and the Kyoto Protocol, which places us under the obligation to reduce emissions of greenhouse gases, finally came into effect in February 2005. Accordingly, there is an urgent need to improve the fuel consumption of automobiles, which are now discharging huge volumes of greenhouse gases. To cut automobile emissions, weight saving of engine parts, especially moving components such as valves, pistons, and wrist pins is likely to be effective. Intermetallic compounds have the potential to bring about this benefit. However, they are refractory and hard materials, making it virtually impossible to create products from intermetallic compounds by conventional casting or machining processes.
A powder metallurgical approach, however, is more effective for processing this type of refractory and hard machining material. In particular, a pressurized sintering technique based on the direct supply of electric power to compacted material powder has the potential advantages, particularly in the industrial context, of saving both manufacturing energy and time. Many studies of this technique, well known as pulse discharge sintering (PDS) or spark plasma sintering (SPS), have been reported on the application of intermetallic compounds to the above parts. [1] [2] [3] [4] This sintering process, however, places severe restrictions on applicable product forms, since it is very difficult to keep the sintering temperature uniform for the production of long rods or components with irregular sectional profiles. This disadvantage is holding up the adoption by industry of the PDS process.
To solve this problem, the authors have proposed a ''traveling-zone sintering method'', 5, 6) in which electric power is supplied to a narrow zone perpendicular to the loading axis via a slidable electrode. The moving narrow heating zone employed in this method was able to provide a uniform sintering temperature over the whole body of the product. In the present investigation, we manufactured a prototype machine for the traveling-zone sintering method. A thin rod was produced from zirconia powder as an example of refractory and hard machining material using this prototype machine, and the quality of the produced zirconia rod was evaluated with the aim of verifying its performance.
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Experimental Procedure
The prototype machine for the traveling-zone sintering process manufactured in this study is shown in Fig. 1 . This machine consists of (a) a loading ram, (b) an up-and-down stage and (c) a pair of electric power distributing rams. Electric power is supplied to the mold horizontally through electrodes attached to both tips of the electric power distributing ram and the thickness of electrode delineates the heating zone. The up-and-down stage controls the vertical position of the heating zone. The loading ram simply controls the pressure applied to the powder compact, regardless of the position of the stage. The material used in the present work was yttria addition partially stabilized zirconia powder, TZ-3Y-E, distributed by Tosoh Corporation. The specific surface area of this powder was 15.5 m 2 /g and its density was 6:05 Â 10 3 kg/m 3 . Figure 2 illustrates the setup conditions for the sintering experiment. A 15.5 g of zirconia powder was placed in a graphite cylinder whose inside dimensions were 8 Â 160 mm and was pre-compacted to 123 mm long under a load of about 2 kN. The length of the punches was set at 60 mm each to ensure sufficient stroke for complete densification. The thickness of the electrode employed in this study was 20 mm. The initial position of the up-and-down stage was set as the centerline of the electrode matched to the 38 mm from the bottom end of the cylinder. A graphite sheet was inserted between each electrode and the cylinder to ensure stable contact under the moving heating zone. The sintering temperature was controlled by an infrared thermometer focused on the cylinder surface at the center level of the electrode.
Results and Discussion
Both the electrodes and the cylinder were made of graphite. Local thermal expansion was often caused due to local heating, which sometimes made the contact conditions unstable. This problem readily caused interruption of the supplied electric current, resulting in difficulty in maintaining the sintering temperature at the desired level. A graphite sheet that could cushion surface deformations, therefore, was inserted between the electrodes and the cylinder to maintain a constant contact area. Figure 3 shows an example of the sintering process. In this process, the up-and-down stage was first raised by 18 mm assuming a primary sinking of the lower punch, then was turned downward to the À36 mm level to enable the heating zone to cover the whole material compact under a constant load of 3016 N. It is obvious that the sintering temperature was successfully controlled at the desired value of 1473 K, even while the stage was moving. Figure 3 also contains the result of shrinkage in the material compact. The shrinkage grew with increased temperature and applied load, but slowed down once the temperature and the load had attained a steady value. However, it can be clearly seen that the shrinking velocity accelerated again when the stage was passing near the þ4 mm level while moving downward. This behavior suggests that the movement of the heating zone promoted densification in those sections of the powder compact that had not yet been completely densified during the previous pass. The shrinking velocity gradually decreased as the heating zone approached the upper end of the material compact by further moving down of the stage, since the proportion of the material that had not yet densified was being reduced; finally, the shrinking stopped. The above results show the superior potential of the prototype machine for the traveling-zone sintering method, that is, being able to produce a long rod through a pressurized sintering process.
In this study, it took a rather long processing time to produce a zirconia rod. The processing time depended on the rate of travel of the stage, which was set at 0.012 mm/s to prevent the graphite sheet inserted between the electrodes and the cylinder from slipping out of its proper place. The processing time could clearly be reduced by speeding the rate of travel of the stage and providing a better method of anchoring the graphite sheet.
A zirconia rod produced through the above process is shown in Fig. 4 . The produced rod was black color in the sintered state, since some oxygen contained in the material was released by heating in vacuum, but the color returned to its intrinsic milky white after heat treatment for several hours at 1323 K in air. The length of the produced zirconia rod was about 51 mm, close to the value for the completely densified condition as calculated from the charge amount of the material powder. The bulk density of this rod attained over 98%.
This density appeared to be a reasonable level for a sintered product, but homogeneity is also important if these products are to be applied to practical use. So the sintered rod was cut into 5 pieces and the densities of each piece were measured. Figure 5 shows the distribution of relative densities in the zirconia rod. The density gained a high value exceeding 99% near both ends, while it dropped to less than 95% around the central section, although a uniform sintering temperature was applied to the whole of the material. The product falls far short of being of uniform quality. There is huge frictional resistance between the cylinder and the material powder, so the effective load on each material section decreases with distance from the pressurizing punch. The frictional resistance, however, is markedly reduced when the material powder is solidified. Therefore, it seems that the load can be effectively transmitted to the deeper sections in the traveling-zone sintering method, since this method is a one-directional solidifying process starting at one end. In fact, not so much load was required to draw out the produced sample from a cylinder after the sintering. In the sintering process, however, it is necessary to consider the effects of thermal expansion in the material. The coefficient of thermal expansion of zirconia is about 9 Â 10 À6 K À1 , which is somewhat larger than that of the graphite used as a cylinder. This difference leads to an increase in the frictional resistance due to thermal expansion under heating. The effective load applied to each part of the material falls with increasing distance from the punch, even in this method. Further, the flowability of zirconia is not much improved, even at high temperatures. These facts might cause the deterioration of the density in the central section of the produced rod. To obtain homogeneous quality, it is necessary to guarantee a sufficient load at the central section.
To compensate for the frictional loss, traveling-zone sintering was carried out again but with the applied load increased to 3519 N, 70 MPa and 4016 N, 80 MPa to improve the processing around the central section, as shown in Fig. 6 . The positional variation of the density in the zirconia rod produced under the larger pressure is indicated in Fig. 7 . Improvement of the density at the central section was negligible at a pressure of 70 MPa but was much improved when the pressure was raised to 80 MPa, and the zirconia rod came close to becoming a homogeneous body. In fact, the graphite cylinder used for this experiment had a milling scratch on the inner surface. This surface roughness appeared to aggravate the frictional loss in the load transmission. It is doubtful that a load of more than 80 MPa is necessary to produce a well-densified homogeneous zirconia rod with a long dimension of over 50 mm. Rubbing finish of the cylinder surface may decrease the loading level for densification around the central section. Even so, it is very important not only to provide a uniform sintering temperature but also to secure sufficient pressure on all sections while taking into account the frictional loss caused by thermal expansion of the material to produce a well-densified homogeneous zirconia component with high aspect ratio through the traveling-zone sintering method. 
Concluding Remarks
In this study, we manufactured a prototype machine to carry out the traveling-zone sintering process and examined its performance by producing zirconia rods. The principal results are summarized as follows.
(1) The introduction of a graphite sheet enabled continuous and stable contact to be maintained between the electrodes and the cylindrical mold, even in the moving heated zone. This enabled precise control of the sintering temperature at any position. (2) The density of the zirconia rod produced by the traveling-zone sintering process under a constant load decreased with increasing distance from the surface. This problem was caused by the fact that the effective sintering load was decreased with increasing distance from the surface due to the increased friction caused by the thermal expansion of the material. (3) It is important not only to control the sintering temperature but also to guarantee a sufficient load on each sintering section, taking into account the frictional loss due to the thermal expansion of the material to produce a well-densified homogeneous zirconia component with high aspect ratio. The modified loading conditions under which the applied load was increased to ensure full sintering around the central section enabled the successful production of a 51 mm long homogeneous zirconia rod with high density. (4) Our experimental results suggest that the traveling-zone sintering method has the potential to produce homogeneously densified thin zirconia rods with an aspect ratio of more than 6.
